a higher concentration of certain drugs such as cisplatin and doxorubicin (DOX) (Adriamycin) with lower systemic side effects, whereas the addition of heat increases the cytotoxic effect of chemotherapeutic agents (Mirarabshahii et al. 2012) .
Treatment of chemoresistant tumors, such as MM, is usually hindered by the systemic toxicity of intravenously and intraperitoneally administered chemotherapeutics, such as DOX. Intracavitary chemotherapy (Hesdorffer, Chabot, DeRosa, et al. 2008; Hesdorffer, Chabot, Keohan, et al. 2008 ; Van der Speeten, Stuart, Mahteme, et al. 2009; , including the administration of hyperthermic drugs (van Ruth, Baas, et al. 2003; van Ruth, van Tellingen, et al. 2003; Richards et al. 2006 ), has increased patient survival time by an average of only 6 months. Thus, there is a need for more effective treatment strategies (Zauderer and Krug 2011) . Toxic, systemic administration of chemotherapeutics or radiation in combination with the low therapeutic efficacy of current treatment regimens suggests that localized delivery methods are needed to target MMs (Albelda 1997) . To help meet this need, we hypothesized that acid-prepared mesoporous spheres (APMS) are an effective drug delivery device with tissue targeting potential.
APMS microparticles are amorphous silica particles (1-2 µm diameter) with a disordered pore structure, a large specific surface area, and a large pore volume. APMS particle diameter and pore size are easily tunable for optimal delivery of specific agents (Gallis and Landry 2002; Nassivera et al. 2002) . As previously published, these characteristics make APMS an ideal vehicle for carrying chemotherapeutic agents, DNA plasmids, small interfering RNA (siRNA), or other macromolecules (Blumen et al. 2007; Cheng et al. 2010) . Most important, amorphous silicas produce no chronic adverse biological responses in contrast to crystalline silicas, presumably because of their lack of crystalline structure and increased solubility over time (Warheit 2001) . In addition, the external surfaces of APMS are easily modified with tetraethylene glycol or antibodies to facilitate targeting and uptake of the particles by cells Cheng et al. 2012 ). Finally, we have shown that APMS can be targeted with an anti-mesothelin antibody in vitro, suggesting their use in vivo to target MM tumors overexpressing mesothelin .
Mesothelin is a differentiation antigen, with expression normally limited to the mesothelial cells lining the pleura, pericardium, and peritoneum (Chang and Pastan 1996; Ho et al. 2007 ). However, mesothelin is overexpressed in several human cancers, including virtually all MMs, ovarian cancers (70% of cases), lung cancers (50% of cases), and pancreatic/ biliary adenocarcinomas (100% of cases) (Miettinen and Sarlomo-Rikala 2003; Rump et al. 2004; Ho et al. 2005; Hassan, Broaddus, et al. 2007; Hassan and Ho 2008) . The expression frequency and characterization of mesothelin in many other cancers, including squamous cell carcinomas of the cervix, lung, head, and neck, as well as endometrial adenocarcinomas, have been thoroughly reviewed (Hassan et al. 2004; Hassan and Ho 2008) . The 71-kD protein encoded by the mesothelin gene is further processed to a 31-kD protein, megakaryocyte potentiating factor, which is released into the serum. The remaining 40-kD fragment (mesothelin) remains bound to the cell membrane by a glycosylphosphatidylinositol (GPI) anchor (Rump et al. 2004; Hassan, Bullock, et al. 2007 ). The expression of mesothelin in the serum of patients with MM results in the production of mesothelin-specific IgG antibodies which enables a protective, host humoral immune response (Ho et al. 2005) .
Here we hypothesized that surface functionalization of APMS with a mouse monoclonal antibody recognizing the extracellular domain of human mesothelin (MB) with high affinity would be advantageous in targeting MMs. The MB antibody contains only mouse sequences that recognize human mesothelin, making it is less immunogenic than a human-mouse chimeric antibody. For example, previous studies with the mesothelin antibody MORAb-009 showed binding inhibition of mesothelin that resulted in cell cytotoxicity, mediated by a humoral immune response in both in vitro and in vivo models of ovarian cancer (Hassan and Ho 2008; Hassan et al. 2010) . In studies here, Alexa Fluor and gadolinium (Gd)-functionalized APMS were used to study the targeting potential of MB. Using several imaging approaches, we also show that mesothelin is expressed by human MM cells growing subcutaneously (SQ) or IP in a mouse xenograft model. Last, we show that the highest fraction of APMS-MB injected IP in a severe combined immunodeficient (SCID) mouse model occurs in both MM spheroids and mesenteric tumors over time (1-6 days), with uptake by both tumor cells and tumor-associated macrophages (TAMs).
Materials and Methods

Synthesis of APMS and Subsequent Modifications
Amorphous silica microparticles premodified with surface tetraethylene glycol (hereafter simply referred to as APMS) were used for subsequent modification in experiments described here . APMS microparticles were further modified with Gd chelate, an antibody to MB, bovine serum albumin (BSA), and/or Alexa Fluor dyes as previously described Steinbacher et al. 2010 ).
Cell Cultures
Human mesothelial LP9/TERT-1 (LP9) cells are an hTERTimmortalized human mesothelial cell line (Dickson et al. 2000) obtained from Dr. James Rheinwald (Dana Farber Cancer Research Institute; Boston, MA). Human MM cell lines PPM Mill (H2373), PPM Gar (H2461), PPM Gat (HP-1), PPM Rob (H2595), PPM Ada (H2596), and PPM Gord (H2818) were previously isolated by Dr. Harvey I. Pass (NYU Langone Medical Center; New York, NY) (Pass et al. 1995) . The HMESO MM line, previously described (Reale et al. 1987) , and the Gard MM cell line were both obtained from Dr. Joseph R. Testa (Fox Chase Cancer Center, Philadelphia, PA). LP9 cells and MM cell lines were maintained in Dulbecco's modified Eagle's medium (DMEM)/F12 50/50 (Mediatech; Manassas, VA) supplemented with 10% fetal bovine serum (FBS), 0.1 µg/ml hydrocortisone (Sigma, St. Louis, MO), 2.5 µg/ml insulin, 2.5 µg/ml transferrin, 2.5 ng/ml sodium selenite (Sigma), and penicillin-streptomycin (50 U/ml penicillin G, 50 µg/ ml streptomycin sulfate) (Invitrogen, Carlsbad, CA) (Hillegass et al. 2011) . Normal human pleural mesothelial cells (NYU474) were isolated surgically from cancer-free patients by Dr. Pass. NYU474 cells were maintained in DMEM (Invitrogen) containing 10% FBS, 50 µM penicillin, and 100 mg/ml streptomycin (Shukla et al. 2009 ).
Administration of APMS-Gd Particles
Rats were injected with APMS-Gd as previously reported in imaging studies . In brief, following anesthesia using 3% isoflurane, rats were cannulated through the lower left wall of the peritoneal cavity. APMS-Gd particles suspended in saline (0.9%) at a dose of 500 mg/kg were injected through the cannula into the peritoneal cavity followed by a flush of 100 to 200 µl saline to ensure that no particles remained within the cannula.
Tissue and Urine Sample Collection after MRI
Expelled urine was collected from rats as they recovered from anesthesia at 2, 4, 24, and 144 hr (6 days). Animals were euthanized by cervical dislocation. Necropsies were performed on each animal 6 days after APMS-Gd administration. Urine samples were collected from the bladder immediately following euthanasia. Samples were stored at 4C until further processing. Urine samples (50 µl) were processed as later described for peritoneal lavage fluid (PLF) samples. Tissue samples of heart, lungs, liver, kidneys, spleen, bladder, and bone marrow were isolated for scanning electron microscopy (SEM)/energy dispersive spectroscopy (EDS) analysis. Approximately 1-mm 3 tissue samples were removed and processed as described below. Remaining tissues were preserved in 4% paraformaldehyde, paraffin embedded, and stained with hematoxylin and eosin (H&E) for evaluation by histopathology.
Scanning Electron Microscopy and Energy Dispersive Spectroscopy
Tissue samples were fixed in Karnovsky's fixative (2.5% glutaraldehyde, 1% paraformaldehyde in 0.1 M Millonig's phosphate buffer) at 4C for 24 hr. Samples were then washed with Millonig's phosphate buffer (pH 7.2) and postfixed in osmium tetroxide. Fixed samples were then critical point-dried using CO 2 as the transition fluid in a Samdri PVT-3B critical point dryer (Tousimis Research Corporation; Rockville, MD). Specimens were mounted on copper specimen mounts using conductive graphite tape, followed by sputter coating for 3 to 4 min with gold and palladium in a Polaron sputter coater (Model 5100; Quorum Technologies, Guelph, ON, Canada). SEM images and EDS spectra of samples were obtained using a JEOL 1210 scanning transmission electron microscope (STEM) (JEOL Ltd.; Peabody, MA) and a PGT IMIX SiLi prism detector (Bruker; Madison, WI), located in the Microscopy Imaging Center at the University of Vermont. All SEM images were acquired at an accelerating voltage of 20 kV.
SCID Mouse Xenograft Model of Human Malignant Mesothelioma
Tissue and tumor distribution, urinary concentrations, and PLF concentrations of APMS were evaluated in a SCID mouse xenograft model of MM after IP injection of human PPM Mill cells ). In brief, 5 × 10 6 cells (in 50 µl sterile 0.9% NaCl [pH 7.4]) were injected into male, 6-week-old Fox Chase SCID mice from Charles River Laboratories (Wilmington, MA). IP injections were administered to the lower left anterior quadrant of the mouse (1 injection site/mouse). An extra aliquot of PPM Mill cells was retained in a 25-cm 2 tissue culture flask after all injections into mice to verify cell viability. Ear punches were administered as needed to distinguish between animals. All animal procedures were approved by the University of Vermont College of Medicine (UVM) Institutional Animal Care and Use Committee (IACUC). Both free-floating spheroid and mesenteric tumors lining the diaphragm were observed at 4 weeks in all mice Hillegass et al. 2011) at which time saline, APMS-MB, or APMS-BSA in 500 µl sterile 0.9% NaCl (pH 7.4) was injected IP.
Collection and Digestion of PLF Samples from SCID Mice
Mice were euthanized with 0.1 ml of Sleep Away (26% sodium pentobarbital; Webster Veterinary, Devens, MA) before 5 ml of cold phosphate-buffered saline (PBS) (Ca/ Mg-free) was instilled into the peritoneal cavity of each mouse using an 18-gauge needle. The abdomen was then lightly massaged and the saline removed. Then, 1 ml of each PLF sample (prior to centrifugation) in a 1.5-ml Eppendorf tube was digested in 500 µl proteinase K/sodium dodecyl sulfate (SDS) digestion fluid. The digestion fluid contained NaCl (292.2 mg), Tris-Cl (500 µ1), SDS (2.5 ml, 10%), and proteinase K (0.5 µl, 10 mg/ml) in a total volume of 50 ml double distilled (dd)H 2 O. Remaining PLF was centrifuged and cell-free supernatants were stored at −20C. Samples were placed in a 50C shaking water bath overnight to remove any proteinacious material from the samples. Digested samples were passed through a 0.4-µm cellulose filter (Whatman; Piscataway, NJ), followed by five rinses of ddH 2 O and 100% ethanol to prevent any crystallization of particulate matter. Filters were dried at room temperature overnight in a desiccator. A representative section of the dried filter was removed with a sterile razor blade. Filter sections were mounted onto prepared copper specimen mounts using Parlodion (2.0%) amyl acetate and were sputter-coated and imaged as described under SEM methods. Three representative images of APMS particles from PLF fluid were taken for analysis from each sample.
Characterization of APMS Particles and PLF Using Cytospin Analysis
Total white blood cell counts in PLF were assessed using an ADVIA Hematology Analyzer (Siemens Diagnostics; Tarrytown, NY). Cytospins were prepared from 50,000 cells following standard protocols (Blumen et al. 2007; Hillegass et al. 2011) . Cytospins were stained using a HEMA 3 kit (Fisher Scientific; Middletown, VA) as per the manufacturer's directions. Images were captured using an Olympus BX50 upright light microscope (Olympus America; Lake Success, NY) with an attached Q Imaging Retiga 2000R digital CCD camera (Advanced Imaging Concepts, Inc.; Princeton, NJ). Five hundred cells per slide were counted for each animal in each treatment group (n=5/group/time point).
Histopathology
Tissue samples of heart, lungs, liver, kidneys, spleen, bladder, and bone marrow were resected from Wistar rats, preserved in 4% paraformaldehyde, paraffin embedded, and processed for H&E staining. Sectioning (4 µm) and staining using H&E on tissues were performed in the Department of Pathology (Fletcher Allen Health Care; Burlington, VT). Tissue sections were examined by a board-certified pathologist (Kelly J. Butnor, MD).
Immunofluorescence Confocal Microscopy
To determine if mesothelin was expressed on human MMs used in these studies and on MM cells in vitro, immunofluorescence visualization of MB was performed on sections of paraffin-embedded MM tumors derived from four different human cell lines (PPM Mill, PPM Gat, PPM Gar, and HMESO) grown in SCID mice SQ ). Sections were deparaffinized in xylenes followed by hydration in ddH 2 O, via decreasing alcohol concentrations. Autofluorescence was blocked with 0.3 M glycine (Bio-Rad; Hercules, CA) for 10 min. After a 5 min wash in 1× PBS, antigen retrieval was performed by placing slides in 1× Dako target retrieval solution at 95-99C for 40 min (Dako; Carpinteria, CA). Slides were then cooled to room temperature before addition of 50 µl of 10% normal goat serum and 3.8% mouse IgG blocking reagent (Vector; Burlingame, CA) in 1× PBS for 1 hr in a humidified chamber. Mouse antimesothelin (clone MB) antibody (Rockland; Gilbertsville, PA) was diluted 1:50 in 1% BSA in 1× PBS. Tumor sections were treated with diluted primary antibody overnight in a humidified chamber at 4C. Goat anti-mouse Alexa Fluor 568 secondary antibody (Molecular Probes; Carlsbad, CA) was diluted 1:400 in PBS, and 50 µl was applied to each section for 1 hr in a dark chamber. A 1:10,000 dilution of SYTOX Green nucleic acid stain (Molecular Probes) in PBS was then applied to each section for 10 min. Slides were washed with ddH 2 O, then air-dried before adherence of coverslips (Aqua-Poly/Mount; Polysciences Inc., Warrington, PA) and stored at 4C. Confocal images of two to three fields per tumor were acquired using a 40× objective lens on a Bio-Rad MRC 1024ES confocal scanning laser microscope running Bio-Rad Lasersharp 2000 imaging software (Advanced Imaging Concepts, Inc.). A dual fluorescence mode was used to visualize cell nuclei (green) and mesothelin (red) in tumors. Images were scanned in sequential mode to avoid bleedthrough between channels.
Western Blot Analysis
NYU isolates, LP9, and MM cell lines were processed following standard protocols after lysing in 4× sample buffer (Shukla et al. 2009 ). In comparative studies, MMs were removed from mice, total protein was recovered using Lysing Matrix A Tubes (MP Biomedicals, Inc.; Solon, OH), and PLF (500 µl) was concentrated using Amicon Ultra 10 K centrifugal filter devices, as per the manufacturer's instructions (Millipore; Cork, Ireland). Protein content in each sample was assessed using the RC DC protein assay (Bio-Rad), then resolved by SDS-PAGE, and transferred to nitrocellulose membranes. Equal loading of protein was verified by probing for β-actin (1:2000 dilution; Abcam, Cambridge, MA). Membranes were incubated with MB antibody at a dilution of 2 µg/ml (Rockland Immunochemicals; Gilbertsville, PA). Antibody binding was visualized by enhanced chemiluminescence (Amersham Pharmacia Biotech; Piscataway, NJ) according to the manufacturer's protocol (Hillegass et al. 2011 ).
Inductively Coupled Plasma Mass Spectrometry for Detection of Silicon from APMS
Inductively coupled plasma mass spectrometry (ICP-MS) analysis for silicon to detect APMS was performed on heart, liver, lungs, spleen, kidneys, bladder, and tumor tissues as well as urine samples from each mouse in saline, APMS-MB, and APMS-BSA treatment groups (n=5 mice/ group) at the Trace Element Analysis Core Facility at Dartmouth College (Hanover, NH). Tissue samples were digested for analysis in 5% (w/v) teramethylammonium hydroxide for 18 hr at 80C and diluted with ddH 2 O water to a final base concentration of 1%.
Immunofluorescence Staining for TAM and APMS Microparticles in MM Tissue
Localization of APMS-MB antibody or APMS-BSA in freefloating spheroids and mesenteric tumors was assessed from frozen sections (10 µm thick). Tissue sections were fixed in Z-Fix (Anatech Ltd.; Battle Creek, MI) for 15 min. Slides were then rinsed in 1× PBS/1.0% BSA (3× for 5 min), incubated in PBS/1.0% BSA/0.1% Triton X-100 for 10 min, rinsed in 1× PBS/1.0% BSA (2× for 5 min), and blocked in 10% goat serum for 30 min. Slides were incubated with monoclonal rat anti-mouse Mac-2 (Mac-2) (Cedar Lane; Burlington, NC) at 1:200 dilution in PBS/1.0% BSA overnight at 4C. Slides were rinsed in 1× PBS/1.0% BSA (2× for 5 min) and incubated with a fluorophore-conjugated secondary antibody (Alexa Fluor 488 goat anti-rat; Invitrogen) for 60 min. They then were rinsed in 1× PBS/1.0% BSA (2× for 5 min) and incubated with 4,′6-diamidino-2-phenylindole (DAPI) (1:200) dilution in PBS/1.0% BSA (10 µg/ml final concentration) (Roche Applied Science; Indianapolis, IN) for 15 min. Slides were rinsed in 1× PBS/1.0% BSA (2× for 5 min), air dried, mounted with Aqua Poly/Mount, coverslipped, and imaged using a Zeiss LSM 510 META confocal laser scanning microscope (CLSM) (Zeiss Microimaging; Thornwood, NY).
Quantification of Percentage Mac-2+ (Macrophagecontaining) and Alexa Fluor 647 (A647) (Particle-containing) Tumor Areas at 24 hr and 6 Days Postinjection of APMS-MB or APMS-BSA Microparticles
Because fluorescence microscopy suggested that the two particle preparations were associated with both TAMs and MM cells, we attempted to determine the approximate area of TAM-containing tumor tissue and whether injection of microparticles altered these profiles over time. Two tiled CLSM images ([4 images × 4 images] [2048 × 2048 pixels]) of three slides (prepared as described above) per treatment group (n=3) were acquired using a Zeiss LSM 510 META confocal laser scanning microscope using a plan-neofluar 25×/0.81 neofluar objective lens. Three channel images were captured at excitation wavelengths of 450 nm (DAPI, blue, to image nuclei), 543 nm (Mac-2, green, to image macrophages), and 633 nm (A647, to image APMS particles) and then opened in MetaMorph image and analysis software (Universal Imaging Corporation, a subsidiary of Molecular Devices, Sunnyvale, CA) as a set of three planes representing separate fluorophores. A random number generator (www.random.org) was used to select five tiles from each image. Graphic outlines highlighting the representative tissue in each of the five selected tiles were traced on each image for quantification. The fluorescence intensity from antibody binding in each representative area was assessed by assigning a minimum pixel intensity threshold value (based on control tissue specimens of mouse aorta stained positively for Mac-2) for the Mac-2 antibody (55) and A647 (57). The mean intensity and integrated intensity of these two planes were then determined automatically in each of the thresholded areas by measuring all pixels with intensity values greater than the set minimum threshold. The intensity values were logged into an Excel spreadsheet (Microsoft Corp.; Redmond, WA) for analysis (Brooks et al. 2009 ).
Statistical Analysis
All data, excluding the quantification of the percent Mac-2+ and A647-positive MM tissue region of interest area, were evaluated by analysis of variance using the Student Neuman-Keul's procedure for adjustment of multiple pairwise comparisons between treatment groups. Statistical significance was determined as p≤0.05. The percent Mac-2+ and A647-positive area of percent threshold areas was analyzed with a repeated-measures analysis of variance using the linear mixed models procedure of the SAS System for Windows, version 9.3 (SAS; Cary, NC). Time and treatment means were compared within each of the fluorescence types. Mesenteric and spheroid tumors were each analyzed separately. Percent threshold areas by Mac-2 and A647 fluorescence were correlated using Pearson's product moment correlation. Correlations were obtained separately for mesenteric and spheroid tumors.
Results
Tissue Distribution of APMS and Subsequent Clearance from the Bladder in Wistar Rats over Time
Previous studies from our group used APMS microparticles administered SQ or IP to tumor-bearing SCID mice as a novel method of chemotherapeutic drug delivery (Hillegass et al. 2011) . These studies produced exciting data showing an equal reduction in MM burden at lower doses of DOX (0.33 mg/kg) delivered by APMS as opposed to injection of DOX alone (1.0 mg/kg) (Hillegass et al. 2011 ) but did not address the biodistribution or excretion of these microparticles over time. We hypothesized that APMS injected into the peritoneal fluid and not binding to or taken up by human MMs in the peritoneal fluid would be filtered by the kidneys and cleared via the urine. To address the question of biodistribution and clearance of APMS over time, we also previously developed a novel preparation of APMS-Gd that enabled in vivo MRI analysis after injection of APMS into the peritoneal cavities of healthy Wistar rats (500 mg/kg) . These results showed that APMS-Gd is a novel microparticle-based imaging agent that can be visualized in vivo, produces no adverse pathological alterations, and is cleared within 144 hr (6 days).
SEM/EDS Analysis Confirms APMS Microparticles in Tissues and Urine from Wistar Rats
SEM micrographs and corresponding EDS spectra show the presence of APMS-Gd in the organs of Wistar rats 6 days after IP injection ( Fig. 1A-D) . SEM micrographs show APMS-Gd on the exterior surface of liver tissue, on the interior tissue of the spleen, within renal tubules in the kidneys, and on the interior surface of the bladder. EDS analysis of the particles on or in tissues (black arrows) in the SEM images corresponds to prominent silicon signals, whereas a representative off-particle spectrum (Fig. 1E, white arrow) shows only a strong osmium signal (line arrow; Os is a component of the tissue fixation process) but no silicon signal. Analysis of urine collected at 0.5, 2, 4, and 24 hr after injection of APMS also corroborated with previously reported MRI imaging results ). APMS-Gd microparticles were located in urine using SEM and EDS at 0.5 to 24 hr ( Fig. 2A-D ). An off-particle spectrum ( Fig. 2E , white arrow) showed only an intense peak for gold (Au, a component of sputter coating, line arrow) but an absence of silicon. No APMS-Gd could be found at 144 hr in urine. These data demonstrate that APMS-Gd initially appeared in the kidneys and urine and were cleared from the bladder within 6 days.
APMS-MB and APMS-BSA Microparticles Are Retained in the Peritoneal Fluid and Do Not Alter Inflammatory Cell Profiles in PLF
We next used targeted approaches with APMS-MB versus APMS-BSA comparatively. To assess the retention of APMS microparticles in the peritoneal cavity and possible inflammatory effects, PLF was isolated at 24 hr or 6 days after a single IP APMS injection. SEM micrographs of representative samples showed that APMS microparticles were present in PLF at 6 days (Fig. 3A, B ). Having confirmed the presence of APMS in PLF, we then examined changes in inflammatory cell profiles in PLF from MM tumor-bearing SCID mice. No significant changes in inflammatory cell differential counts between groups were observed at 24 hr after injection. However, in both the APMS-MB and APMS-BSA groups (Fig. 3C) , the number of macrophages increased significantly from 24 hr to 6 days, whereas the number of neutrophils and eosinophils in these groups decreased significantly. Although experimental problems prevented statistical significance from being calculated for the saline groups at 24 hr (n=1), the similar trends in all three groups led us to conclude that changes in the inflammatory cell profiles between 24 hr and 6 days is likely caused by increased tumor burden rather than an effect of the particles.
Mesothelin Is Expressed by MM Cell Lines In Vitro and in a Xenograft Model of MM
Literature precedent showed that mesothelin protein is overexpressed in human MMs in vivo, making this an ideal target for APMS modified with an anti-mesothelin antibody. Indeed, PPM Mill, PPM Gat, PPM Gar, and HMESO paraffin-embedded MM tumor sections all stained positively for expression of mesothelin (Fig. 4A ). However, Western blots of only four of seven MM cell lines in vitro exhibited visible bands for the 40-kD portion of mesothelin protein (PPM Mill, PPM Gar, PPM Gord, and PPM Rob). Immortalized human peritoneal mesothelial cells (LP9) and human primary pleural mesothelial cells (NYU474) did not express the mesothelin protein (Fig. 4B) . MM tumors derived from the HMESO and PPM Mill, PPM Gat, PPM Gar, and PPM Gard cell lines were then assessed for mesothelin protein after growing either SQ or IP in SCID mice (Fig. 4C) . These experiments provided evidence of mesothelin protein produced from MM cell lines both in vitro and in vivo. The PPM Mill cell line produced mesothelin consistently in vivo and in vitro and has been characterized in the SCID xenograft model . Therefore, we chose the PPM Mill cell line for our targeting studies. In these studies, PLF taken from IP injected animals contained both normal and malignant mesothelial cells comprising either APMS functionalized with the MB antibody or BSA at 24 hr and 6 days (Fig. 4D) . In both the APMS-MB and APMS-BSA treatment groups, particles could be seen surrounding cell nuclei showing that APMS persist after localized administration up to 1 week. No particles or abnormalities were seen in saline control PLF samples.
Functionalization of APMS with an Antimesothelin Antibody (APMS-MB) Significantly Increases the Fraction of Administered Dose to MM Tissues Using ICP-MS
To test the hypothesis that APMS-MB would be taken up by MM tumors more avidly than APMS-BSA control particles, we examined tumors (pooled spheroid and mesenteric) and major organs of treated mice by ICP-MS at 24 hr and 6 days. At 24 hr, less than 2% of the administered dose of APMS was observed in the lungs, liver, spleen, and kidneys, whereas in both APMS-MB and APMS-BSA groups, greater than 6% of the administered dose was present in the pooled tumors ( Fig. 5A) . At 6 days, approximately 3.5% of the total administered amounts were observed in the liver. However, greater than 10% of the delivered doses of APMS-MB and APMS-BSA were observed in tumors, and the fraction of the dose in the APMS-MB tumors was significantly increased compared with the fraction of dose observed in APMS-BSA tumors (Fig. 5B) . We then examined the delivery of particles as a function of concentration of SiO 2 (ppm) (i.e., APMS) in both spheroid and mesenteric tumors at 24 hr and 6 days (Fig. 5C ). APMS-MB-treated mesenteric tumors contained a significantly higher concentration of SiO 2 than mesenteric tumors treated with APMS-BSA at 6 days, indicating that APMS-MB is retained in tumors over time to a greater extent than APMS-BSA.
Uptake of APMS by MM Cells and TAMs In Vivo Is Enhanced by Multifunctionalization with an Anti-mesothelin Antibody
To complement results of ICP-MS studies and determine the cell types associated with APMS-MB and APMS-BSA in tumors, we assessed the association of APMS with TAMs and MM cells visually using CLSM. Cryo-sections from in vivo MM mesenteric tumor tissues were examined using A647-labeled particles at 24 hr and 6 days postinjection of APMS. As expected, no particles were observed in tumor tissue injected with saline alone (Fig. 6A, B) . APMS-BSA and APMS-MB microparticles, at both 24 hr and 6 days, could be visualized in association with MM tumor cells as punctate areas of fluorescence (indicated by white arrows) ( Fig. 6C-F) . In both treatment groups, APMS microparticles were also engulfed by TAMs (shown in green in Fig. 6 ) and surrounded the cell nuclei. Larger, tiled images of MM tumors from the APMS-MB and APMS-BSA treatment groups show APMS-MB microparticles are translocated from the outer surface of the tumor (24 hr postinjection) to the center (by 6 days) (Suppl. Fig. S1 ). The APMS-BSA microparticles remain in the tumor periphery at 6 days (Suppl. Fig. S2 ). 
Quantification of Percent Positive Area in Mesenteric and Spheroid MM Tissue Analyzed for Mac-2 and A647 (APMS) Fluorescence Intensity
To show that the particles do not increase the TAM burden in established tumors, we performed quantitative evaluation of the percentage of mesenteric and spheroid MM tissue area staining positively for TAMs (Mac-2). The percentage of MM tissue area containing APMS-MB or APMS-BSA (both A647-tagged) particles was assessed by CLSM in cryo-sections (as described above) from tiled images. Randomly selected regions of interest from each sample (n=18/tumor) at each time point were analyzed for the percentage of the region of interest meeting the minimum fluorescence intensity threshold set by control sample tissues (Fig. 7) . In accordance with results from tiled images, TAM+ areas comprised less than 5% of the spheroid or mesenteric tumor area examined. At 24 hr, significant decreases were seen in the percentage of Mac-2+ area in the APMS-MB treatment group (p<0.0001) and the 24-hr APMS-BSA treatment group (p<0.001) compared with the 24-hr saline control (Fig. 7A ). There were no significant differences in either Mac-2+ or A647+ areas at 6 days in the spheroid or areas of mesenteric MMs at either 24 hr or 6 days.
Discussion
Here we demonstrate that APMS, a non-toxic, amorphous silica microparticle, associates with human MM tumor cells and TAMs in a mouse xenograft model of MM. A significantly greater fraction of the delivered dose of APMS-MB was taken up by tumors compared with a non-targeting control microparticle (APMS-BSA). Mesoporous silica nanoparticles and other nanoparticles have recently been highlighted as advantageous platforms for the delivery of drugs and biomolecules due to their large internal surface area and ability to be chemically modified for enhanced uptake and targeting (Hudson et al. 2008) . However, nanoparticles are readily taken up by cellular organelles, cause cytotoxicity alone, and are distributed systemically throughout the body, whereby they can cross the bloodbrain barrier (Borm and Kreyling 2004; Pantarotto et al. 2004; Oberdorster, Maynard, et al. 2005; Xia et al. 2006; Handy et al. 2008 ). These properties of nanoparticles raise concern for their acute and long-term effects as drug delivery vehicles. APMS microparticles circumvent these issues as their diameter (1-2 µm) prevents them from entering cellular organelles and prevents them from persisting in the systemic circulation after localized delivery Steinbacher et al. 2010 ). Previously we have shown that APMS modified with tetraethylene glycol on the external surface are readily taken up by mesothelial cells in vitro and remain in the cytosol, avoiding endosomal degradation of cargo (Blumen et al. 2007) . We recently reported that APMS-Gd, a novel porous silica microparticle containing a Gd chelate, can be used as a contrast agent that is able to be tracked in real time using MRI ). The use of this approach in studies described here allowed us to verify that APMS microparticles, once administered IP, are excreted with no obvious adverse effects on organ pathology or inflammation. In previous published studies by Steinbacher et al. (2010) and Hillegass et al. (2011) , the toxicity of APMS (both unloaded and loaded with DOX) was evaluated. Studies by Steinbacher et al. (2010) showed that doses up to 500 mg/kg were well tolerated in Wistar rats (non-tumor bearing) without histological evidence of toxicity to the major organs as evaluated by a board-certified pathologist. In studies by Hillegass et al. (2011) , SCID mice bearing peritoneal MMs were administered APMS loaded with DOX. These mice were treated with 7.8 × 10 8 APMS/mouse (equivalent to 0.33 mg/kg DOX) 3× weekly for 1 week. Adverse health effects were not seen, nor was there evidence of toxicity present in histological samples evaluated by a board-certified pathologist. However, diffuse hepatocytic cell swelling was observed in animals receiving injections of DOX alone (1 mg/kg). These studies led us to believe that APMS particles do not pose a severe risk to the major clearance/filtration organs and that the low levels of APMS (4% of administered dose) have similar retention patterns, as reported in other studies of microparticle accumulation (Martin et al. 2005) .
One of the challenges with chemotherapeutic approaches in MM and other chemoresistant tumors is maintaining the longevity of the given agent in the desired locale. APMS microparticles remained in the peritoneal cavity up to 6 days after a single IP injection without altering the inflammatory cell profile, making them advantageous for the delivery of chemotherapeutic agents to peritoneal tumors. We have previously published that APMS preloaded with DOX and administered either SQ or IP to established MM tumors in SCID mice reduced tumor burden and volume at smaller doses (0.33 mg/kg) in comparison to administration of DOX alone at a dose of 1.0 mg/kg (Hillegass et al. 2011 ). Here we show that functionalization of APMS with a targeting antibody for mesothelin (MB) results in enhanced uptake of APMS by MM tumors in vivo and that APMS-MB have potential as a more efficacious chemotherapeutic delivery vehicle than particles modified with a nonspecific protein. However, it is also important to note that APMS, even without functionalization with MB, are localized in tumor tissue and TAMs. Inherent properties of APMS make it an appropriate delivery device for an even broader range of malignant diseases.
Recent studies have demonstrated that albumin can bind to surface glycoproteins such as gp60 (albondin) on capillary endothelial cells and mesothelial cells and activates transcytosis through an as yet unknown signaling mechanism (Gotloib and Shostak 1995; Minshall et al. 2000; Vogel et al. 2001; John et al. 2003) . This association between albumin and endothelial cells allows for active transport across the cell membrane, reinforcing the validity of the data presented here showing some uptake of APMS-BSA particles by tumor cells. Due to the observed mechanism of active transport of serum albumin across the endothelial and mesothelial cell membranes, albumin microparticles and nanoparticles have become an area of interest in drug delivery research. Studies have shown that serum albumin micro/nanospheres are readily taken up by macrophages and degraded within a week following administration (Schafer et al. 1994) , unlike the persistence of APMS microparticles observed here.
When we examined MM tumors by immunofluorescence for TAMs, a high proportion was observed. Given these findings, it is not surprising that we see a high level of APMS-BSA microparticles in MM tumors or that we see . Mesothelin is expressed in mesothelioma (MM) tumors. Paraffin sections of MM tumors derived from four different MM cell lines (PPM Mill, PPM Gat, PPM Gar, and HMESO) grown in severe combined immunodeficient (SCID) mice were stained with mouse anti-mesothelin antibody (clone MB) (A). Alexa Fluor 568 secondary antibody was used to visualize mesothelin (red), and SYTOX Green nucleic acid stain was used to visualize cell nuclei (green). Micrographs were taken at 400× magnification, scale bar = 50 µm. Mesothelin protein was assessed by Western blot analysis on human MM cell lines (B) and in human MM tumors grown either intraperitoneally (IP) or subcutaneously (SQ) (C). β-Actin was used as a loading control. Micrographs of Hema 3 differential stained cytospins from peritoneal lavage fluid (PLF) show uptake of acid-prepared mesoporous spheres (APMS)-MB and APMS-BSA microparticles (n=5 mice/group). Particles surround the cell nuclei at 24 hr and 6 days (black arrows) (D). Micrographs were taken at 400× magnification, scale bar = 50 µm. the greatest difference in silica concentration between the targeted and non-targeted groups at 6 days ( Fig. 5C) . A review of the literature reveals that localized administration of antibody-targeted, drug-loaded microparticles to tumors using similar approaches has not been published. Moreover, studies using IP delivery of microparticles of various compositions for drug delivery show less success with regard to microparticle retention by tumor tissue. For example, one study (Li and Howell 2009 ) examining CD44-targeted Hyplat microparticles (produced by cross-linking hyaluronan via its carboxylate groups with cisplatin) reported tumor retention values between 5 and 10 ppb as assessed by inductively coupled plasma-optical emission spectrometry. We demonstrated that APMS-MB particles had tumor tissue retention values between 800 and 1000 ppm SiO 2 over the same time frame.
Regardless of macrophage involvement or active transport of albumin-modified particles into cells, statistical analysis of our data indicated that the retained dose (12%) of administered APMS-MB targeted microparticles is significantly higher than the non-targeted APMS-BSA microparticles (8%) showing that APMS-MB microparticles are more effective at targeting MM tumor tissue. Furthermore, mesothelin is highly expressed not only in MM but also in more than 70% of ovarian cancers, 100% of pancreatic tumors, and 50% of lung cancers, making this approach relevant to a broad range of malignant diseases.
Mesothelin is shed from the cell surface mediated by the "sheddase" activity of ADAM17/TACE. TACE is a transmembrane glycoprotein known for its role in releasing epidermal growth factor receptor (EGFR) ligands from the cell's surface, which in turn regulates the activation of the EGFR pathway and can contribute to drug resistance (Ho et al. 2005; Ho et al. 2006; Hassan and Ho 2008; Zhang et al. 2011; Pastan and Zhang 2012) . Mesothelin has been found to bind to the cell surface antigen MUC16/CA125. MUC16/ CA125 is elevated in the serum of women with ovarian carcinoma and is overexpressed in 70% of human ovarian cancers (Bast et al. 1983 ). Thus, it has been implicated in the spread of ovarian cancer throughout the peritoneal cavity (Rump et al. 2004; Gubbels et al. 2006 ). Mesothelin has also been examined as a biomarker for the progression of ovarian cancer and mesothelioma (Scholler et al. 1999; Robinson et al. 2003; Robinson et al. 2005; Scherpereel et al. 2006) . Several phase I and II clinical trials focusing on mesothelin as a therapeutic target for mesothelioma and ovarian and pancreatic cancers have been conducted or are currently ongoing. These studies have used anti-mesothelin recombinant immunotoxins (SS1 [dsFv] PE38 [Fv portion of antibody] SS1 and truncated Pseudomonas exotoxin) alone and in combination with chemotherapeutics (Hassan, Bullock, et al. 2007; Kreitman et al. 2009 ) or the anti-mesothelin antibody MORAb-009 (a chimeric IgG/k/SS1 [dsFv] fusion Figure 5 . Acid-prepared mesoporous spheres (APMS) microparticles functionalized with a mesothelin antibody (MB) significantly increased the fraction of administered dose taken up by mesotheliomas (MMs) at 6 days (n=5 mice/group). The fraction of the administered dose of APMS in major organs and tumor tissue was analyzed by inductively coupled plasma mass spectrometry (ICP-MS) (A, B) . The concentration of SiO 2 in tumor tissue in parts per million (ppm) is significantly greater in tumors treated with APMS-MB as compared with the APMS-BSA group at 6 days (C). *Significantly different from saline control of the same organ/tumor group. † Significantly different from APMS-BSA group. ‡ Significantly different from all other organ/tumor groups in the same treatment group (p<0.05). For saline and APMS-MB treatment groups, five individual mice were assessed per group per time point. For APMS-BSA treatment, four mice were assessed at each time point. Figure 6 . Acid-prepared mesoporous spheres (APMS) microparticles were taken up by mesenteric mesotheliomas (MMs), retained for up to 6 days, and possibly trafficked by tumor-associated macrophages (TAMs) (n=5 mice/group). Confocal microscopy analysis of frozen sections of MM tumor tissue at 24 hr and 6 days shows no particles in saline-injected control tumors (scale bar = 50 µm) (A, B). APMS-BSA and APMS-MB were taken up by tumor tissue at 24 hr and remained in the tumor tissue at 6 days following intraperitoneal (IP) injection (C-F) (scale bar = 50 µm). In all panels, APMS-MB or APMS-BSA are indicated with A647 (red) (white arrows), cell nuclei are stained with DAPI (blue), and TAMs are stained with Mac-2 (green). Panels B, C, E and F are of the tumor exterior (tumor edge) vs. panels A and D of the tumor interior. antibody), leading to an antibody-dependent cell-mediated cytotoxic response Hassan et al. 2010 ). The mesothelin tumor vaccine (CRS-207) is currently in a phase II trial in combination with the pancreatic cancer vaccine GVAX (Le et al. 2012) , and adoptive T-cell immunotherapy using mesothelin and antibody drug conjugate therapies are currently being developed for preclinical trials. The shedding of mesothelin into the interstitial space limits the interaction of targeted therapies and may prevent tumor penetration (Pastan and Zhang 2012) .
We have shown here that APMS-MB are successfully internalized by tumor tissues. APMS-MB may have a dual advantage in that the MB antibody can effect immune changes such as antibody-dependent cell-mediated cytotoxic response and can direct the drug/biomolecule payloads to mesothelin-overexpressing tumor cells. In addition, the potential to bind free mesothelin may hinder the spread of cancerous cells throughout the peritoneal cavity. A further advantage of our treatment modality is highlighted by the identification of macrophages in MM tumors, implicating the involvement of these cells and their potential to traffic APMS to MM tumors in vivo.
MMs exhibit notably high resistance to apoptosis in vivo, which is thought to contribute to heightened chemoresistance of this tumor type (Fennell and Rudd 2004) . Focus has recently shifted to the interactions between tumor cells, nonmalignant cells, the extracellular matrix, and their combined effects on tumor cell growth, invasion, migration, and resistance to apoptosis (Kobayashi et al. 1993) . The end effect of interactions between malignant and non-malignant cells such as TAMs has been termed multicellular resistance (Kobayashi et al. 1993) . In more than 80% of epithelial cancers, tumor stage and disease prognosis correlate with tumor macrophage burden. TAMs are known to be present throughout solid MM tumors in both human and murine MMs and are thought to contribute to tumor development (Bielefeldt-Ohmann et al. 1994; Hegmans et al. 2006) . Multicellular resistance of TAMs may cause changes in the tumor microenvironment, including immunosuppression that can aid in the establishment of tumors or avoidance of immunodetection (Mantovani et al. 2006) . TAMs have also been shown to increase angiogenic and other growth factors that, when removed by ablation of TAMs via liposome-encapsulated clodronate (CLIP) in a murine model of diffuse peritoneal MM, leads to loss of cell/tumor survival, invasion, and metastatic properties (Miselis et al. 2008) .
Although the TAMs in our study were present in large numbers and appeared to phagocytose both APMS-MB and APMS-BSA, their role in MM and particle trafficking is unclear. Macrophages can be divided into two phenotypes: the M1 "classically activated" and the M2 "alternatively activated" subtypes. Recent studies indicate that TAMs displaying an M2 phenotype are characterized by increased expression of interleukin (IL)-10 that enhances alternatively activated macrophage differentiation and production of CCL17 and CCL22 chemokines (Mantovani et al. 2004; Miselis et al. 2008 ). In addition, the production of CCL17 and CCL22 recruits TH2 lymphocytes, thereby inhibiting TH1 cell function and creating an immunosuppressive microenvironment (Mantovani et al. 2006) .
We attempted here to quantify changes in tumor proportions of TAMs that may be in response to APMS-MB or APMS-BSA treatment and to evaluate if targeted microparticles were accumulating in tumors with an increased TAM Figure 7 . The percentage of Mac-2+ area within regions of interest analyzed in spheroid mesothelioma (MM) tumor tissue was significantly decreased in acid-prepared mesoporous spheres (APMS)-MB and APMS-BSA treated animals at 24 hr as compared with saline controls (*p<0.05) (n=1 tumor per mouse/3 mice per group) (A). Five randomly chosen regions of interest from tiled (4 × 4 tiles) confocal fluorescent microscopy images were opened in MetaMorph image analysis software to determine differences in the percent of threshold areas positive for the minimum fluorescence intensity of Mac-2 and A647 (APMS preparations). Minimum intensity thresholds were set by Mac-2+ control samples of mouse aorta and visual assessment of multiple A647+ areas. No significant differences were seen in Mac-2+ percent threshold areas by particles in mesenteric MM tissues (B).
burden. We did not discover any significant changes in TAM burden in established mesenteric tumors between targeted, non-targeted, or saline-treated MMs. However, we did demonstrate a significant reduction in TAM burden in the APMS-MB-and APMS-BSA-treated MMs in spheroid MMs at 24 hr, indicating our microparticles may have an effect on TAM recruitment to developing tumors. We hypothesize that if TAMs are contributing to the trafficking of microparticles to MM tissue, the contributions are not significantly changing the distribution of microparticles within the tissue between treatment groups, nor are APMS significantly altering the TAM component of the tumor microenvironment.
In summary, we have shown that APMS modified with an antibody to mesothelin provide a unique therapeutic delivery device that can be both imaged and targeted in an in vivo model of IP MM in SCID mice. We have previously shown that APMS preloaded with a therapeutic agent such as DOX can reduce MM tumor growth (Hillegass et al. 2011) , thus suggesting a novel platform for localized, targeted, multimodality treatments for MM. This approach may increase the efficacy of current chemotherapeutic treatments for MM and other intracavitary tumors while lowering systemic toxicity of drugs in patients.
